We examined the influence of aluminum and calcium (and certain other cations) on hormone transport in corn roots. When aluminum was applied unilaterally to the caps of 15 mm apical root sections the roots curved strongly away from the aluminum. When aluminum was applied unilaterally to the cap and 3H-indole-3-acetic acid was applied to the basal cut surface twice as much radioactivity (assumed to be IAA) accumulated on the concave side of the curved root as on the convex side. Auxin transport in the apical region of intact roots was preferentially basipetal, with a polarity (basipetal transport divided by acropetal transport) of 6.3. In decapped 5 mm apical root segments, auxin transport was acropetally polar (polarity = 0.63). Application of aluminum to the root cap strongly promoted acropetal transport of auxin reducing polarity from 6.3 to 2.1. Application of calcium to the root cap enhanced basipetal movement of auxin, increasing polarity from 6.3 to 7.6. Application of the calcium chelator, ethylene-glycol-bis-(fl-aminoethylether)-N,N,N' ,N'-tetraacetic acid, greatly decreased basipetal auxin movement, reducing polarity from 6.3 to 3.7. Transport of label after application of tritiated abscisic acid showed no polarity and was not affected by calcium or aluminum. The results indicate that the root cap is particularly important in maintaining basipetal polarity of auxin transport in primary roots of corn. The induction of root curvature by unilateral application of aluminum or calcium to root caps is likely to result from localized effects of these ions on auxin transport. The findings are discussed relative to the possible role of calcium redistribution in the gravitropic curvature of roots and the possibility of calmodulin involvement in the action of calcium and aluminum on auxin transport.
Recent studies (8, 13) have shown that unilateral application of certain cations to caps of primary roots of corn induces root curvature. Roots are reported to curve toward calcium (8, 13, 17, 18) and away from aluminum (8) . The effect of calcium on roots is of interest because of reports indicating a role for calcium as a second messenger in plant cells (9) . There is also evidence that calcium is important in auxin transport (3) (4) (5) and in transduction of the gravitropic stimulus in roots (12) (13) (14) (15) .
There is little information on the physiological basis of curvature induction by cation gradients across the root cap. In a previous study (8) we noted that pretreatment of roots with auxin transport inhibitors prevents cation-induced curvature. This plus the requirement of calcium for auxin transport (3) (4) (5) suggests that auxin transport patterns regulate curvature in roots. In order ' Supported by National Science Foundation Grant PCM 8305775, DMB 8608673, and by National Aeronautics and Space Administration Grant NAGW-297. 2 Present address: Department of Biology, University of Southwestern Louisiana, Lafayette, LA, 70504-2451.
to test this idea we studied auxin transport in primary roots of corn and measured the effects of various cations as well as the calcium chelator EGTA on auxin transport. In view of indirect evidence for a role for CaM3 in the response of roots to calcium and gravity (6) and in light of the fact that calcium and aluminum have opposite effects on root curvature (8) and on CaM (25) , we also tested the effect of the CaM inhibitor, CPZ, onl auxin transport in roots. Since there are numerous reports on the role of abscisic acid in gravitropism of roots we also examined the effect of cations on the transport of this plant hormone.
MATERIALS AND METHODS
Plant Material. Caryopses of corn (Zea mnays L., B73 Missouri 17) were soaked and raised in distilled water by planting them between wet paper towels on opaque plastic trays. The trays were kept in a vertical position. Seedlings were used when the primary roots were 2 to 3 cm long (about 3 d after soaking).
Distribution of 3H-IAA. In order to test the influence of aluminum on the redistribution of -8H-IAA, groups of five 15 mm long apical segments of roots were used. The segments were mounted vertically inside moist Petri dishes using caulking compound. Four agar blocks ([1.5 mm]") were applied to the segment, all in one plane. One agar block containing 5 rnm AICl, buffered to pH 4.5 was applied to one side of the cap. A plain agar block (same pH) was applied to the opposite side of the cap and plain blocks were applied to either side of the elongation zone, approximately 4 mm behind the cap. A donor block (same size) containing 4 /-LM 3H-IAA (777 GBq/nmol, Amersham, Ar- lington Heights, IL) was applied to the cut surface (see Fig. 1 ).
After 3 h the donor block and the four receiver blocks were removed and placed into separate scintillation vials for determination of radioactivity (Beckman LS 7000 scintillatioin spectrometer). A 5 mm segment was excised from the basal region which had been in contact with the donor. The remaining 10 mm long apical root section was then divided longitudinally into two halves (side opposite Al-application and side of Al application. see Fig. 1 ). The root sectionis were placed into separate scintillation vials for determination of radioactivity. Since previous studies indicated that label transported through root (or shoot) tissue is authentic IAA (21) (8) . When IAA transport inhibitors (TIBA or NPA, both 10-5 M) were incorporated in the agar block which contained A13 + and applied to caps of intact roots the roots continued to grow at a near normal rate but did not curve (data not shown).
When AlCl3 was applied to one side of the cap of 15 mm long segments of roots and tritiated IAA to the basal cut surface, radioactivity (assumed to be IAA) within the tissue and in agar blocks attached to the segments was higher along the concave side of the curved root segment. The amount of label in the receiver on the concave side of the elongation zone was twice as great as in the receiver on the opposite side ( Fig. 1) . The amount of label in the agar receivers on the cap was only slightly higher on the concave side.
Polar Transport of Tritiated IAA in Intact and Decapped Segments. In intact root segments auxin transport was strongly polarized in the basipetal direction (Table I) . On the average, basipetal auxin transport was 6.3-fold greater than acropetal auxin transport. When the root caps were removed the polarity of auxin transport changed dramatically (Table II) . In decapped segments of controls acropetal auxin movement was about 1.5 times greater than basipetal movement. Application of Ca2+ or A13+ to the apical end of decapped roots enhanced acropetal transport by a similar amount. That is, in the absence of the cap the cations exerted no differential effect on acropetal auxin transport.
Effect of Cations on Acropetal IAA Transport and IAA Uptake. Both La3+ and A13 + dramatically enhanced acropetal transport of radioactivity through the root cap to apical receivers (Table   I ). Application of Ca2+ caused a slight increase in transport of radioactivity to apical receivers. Both K+ and Mg2+ reduced transport of radioactivity to receivers. Acropetal transport of radioactivity to plain agar receivers buffered at pH 4.5 was less than that delivered to receivers buffered at pH 6. Application of 5 mm EGTA to the root cap reduced acropetal transport of label.
Uptake of radioactivity from donors into root tissue averaged about 70 to 75%. Uptake was only slightly reduced by ions, but declined to 50 and 64%, respectively, when EGTA (5 mM) or CPZ (10 /LM) was applied to the cap (data not shown). The rate of delivery of radioactivity to apical receivers was constant between h 1 and 3 of the transport period (Fig. 2) . In decapped roots application of either Al3 + or Ca2 + to the root tip strongly increased (4.7-fold and 9.3-fold, respectively) acropetal movement of radioactivity (Table II) . Uptake of radioactivity at the basal cut surface was slightly enhanced when Al3+ or Ca2+ was applied to the decapped tip (data not shown).
Effect of Cations on Basipetal IAA Transport. Inclusion of Ca2 + in the donor block containing IAA significantly enhanced basipetal transport of radioactivity. Inclusion of EGTA, or any of the cations tested other than calcium decreased basipetal transport (Table I) .
Uptake of radioactivity from donors into root tissue was about 86% for both controls (pH 6, pH 4.5) during the 3 h transport period and was only slightly reduced when EGTA, CPZ, or cations were included in the donor (data not shown). The rate of delivery of radioactivity to receivers at the cut surface decreased gradually during the 3 h basipetal transport period (Fig.   2 ). In comparing decapped root segments (Table II) to segments with intact caps (Table I) , we noted that tip-application of Al3 + promoted basipetal auxin transport in decapped but not in intact roots. Promotion of basipetal auxin transport by Ca2+ was similar in both intact and decapped root segments. In decapped root segments apically applied Al3 + and Ca2+ had no effect on uptake of label from donors applied at the excised tip (data not shown). smaller than for 3H-IAA (Table III) . Neither A13 + nor Ca2+ affected transport of radioactivity from tritiated ABA (Table  III) .
DISCUSSION
The results indicate that the cap plays a major role in determining the direction of auxin transport in primary roots of corn. In roots with intact caps, auxin transport occurred mainly in the basipetal direction. When the root caps were removed, auxin transport was greater in the acropetal direction. There are a number of studies of auxin transport in roots which conclude that transport is acropetally polar (22) (23) (24) . However, in these studies decapped root segments were used. Our data also indicate that auxin transport is acropetal in decapped roots. Since roots normally possess intact caps it seems important to recognize that the polarity of auxin transport in intact corn roots is basipetal, at least for the cultivar used in this study. Basipetally polar auxin transport has also been reported for roots of Vicia faba (20, 26) .
Our results indicate that application of certain cations to the root cap can dramatically affect auxin transport, and that the action of these cations on auxin transport may explain the ability of tip gradients of cations to induce curvature in primary roots of corn. This can be illustrated by considering the action of aluminum and calcium on root curvature and auxin transport. Tip gradients of calcium induce root curvature toward the cation while gradients of aluminum induce curvature away (8) . We find that, in segments with intact caps, A13+ promotes acropetal auxin movement while Ca2+ promotes basipetal auxin movement. The calcium chelator EGTA has an effect opposite that of Ca2 , i.e. it decreases basipetal auxin movement. This suggests that curvature toward tip gradients of calcium may result from enhanced basipetal movement of auxin into the elongation zone on the side of calcium application. Likewise, the curvature of roots away from tip gradients of aluminum may arise from reduced basipetal (enhanced acropetal) movement of auxin along the side of aluminum application. We tested this idea directly by studying the effect of unilateral A13 + application to the cap on the distribution of 3H-IAA applied to the basal cut surface of an apical root segment. The finding that the radioactivity was higher in the elongation zone on the side away from the site of Al3 + application to the cap is consistent with the idea that Al3 +-induced root curvature is mediated by Al3 + effects on auxin transport (see model discussed below). The fact that the effects of tip gradients of Al3 + and Ca2+ on root curvature are not expressed in the presence of auxin transport inhibitors is also consistent with this interpretation.
The effects of A13 + and Ca2+ on auxin movement in decapped segments differ from the effects on apical segments with caps intact. In decapped segments Al3 + promotes both acropetal and basipetal auxin movement whereas Ca2+ promotes acropetal movement but has little effect on basipetal movement (Tables I  and II) . Although the basis of the differing effects of these cations on auxin transport in the presence or absence of the cap is not fully understood, the model presented below suggests that, in intact roots, the effects of Al3 + and Ca2+ are exerted specifically on auxin redistribution patterns, within cells of the root cap. We reported earlier (8) following model to relate our observations to auxin transport and gravitropism in intact roots (cf. Ref. 7) . Acropetal auxin transport through the apical portion of the root is reported to occur primarily through the stele while basipetal movement appears to occur through the outer cell layers (cortex and/or epidermis) (20, 24, 26) . We propose that the cells of the root cap determine the fate of IAA which enters the central region of the cap through the acropetal transport system. In vertically oriented roots a fraction of the auxin entering the central region of the cap moves symmetrically toward the periphery of the cap while the remainder of the auxin either continues to move through the cap and out into the surrounding medium or is metabolized within the cap (Fig. 3) . The fraction of auxin moving toward the periphery of the cap is loaded into a basipetally moving stream of auxin where it is transported toward the elongation zone through cells of the cortex and/or epidermis. In horizontally oriented roots we propose that detection of the gravity stimulus leads to a downward movement of both calcium (2) and auxin (7) toward the lower side of the root cap. Our data further suggest that calcium enhances while aluminum inhibits loading of auxin into the basipetally moving auxin transport stream. The increased basipetal movement of auxin into the elongation zone along the lower side of a gravistimulated root would lead to growth inhibition there, resulting in downward curvature.
Although this model is speculative, it is consistent with a variety of observations on auxin transport and gravitropism in roots, including the findings that: (a) auxin transport is often acropetally polar in decapped roots or root segments (22) (23) (24) , this paper) but basipetally polar in intact roots (16, 20, 
